Abstract. Emissivities have been calculated for finestructure components of selected UV and optical recombination lines of H i and He ii. Results are given for a range of electron temperatures and densities, and in Cases A and B of Baker & Menzel (1938) . Relative intensities, wavelengths and velocity shifts of the fine-structure components are tabulated. Applications to the spectra of gaseous nebulae are discussed. Depending on the temperature, density and Case, the centres of unresolved lines can shift by up to 0.9 km s −1 for H i and 3.3 km s −1 for He ii. A new calibration of the Hα-[N ii] method for determining electron temperatures is given.
Introduction
Recombination lines of hydrogen and helium in the optical, IR and UV spectral regions are frequently used in astronomical spectroscopy for measurements of radial velocities and velocity fields. The levels of hydrogenic ions are not quite degenerate, and lines such as Hα (n = 3 → 2) and He ii 4686Å (n = 4 → 3) consists of many components; for example for Hα there are seven components, with transitions between the 3d 2 D 5/2,3/2 , 3p 2 P 3/2,1/2 and 3s 2 S 1/2 in n = 3 and 2p 2 P 3/2,1/2 and 2s 2 S 1/2 in n = 2, subject to the usual selection rules for dipole allowed transitions. He ii λ4686Å has thirteen components.
The precise energies of these levels in hydrogenic ions depend on relativistic shifts as well as fine-structure effects Send offprint requests to: P.J. Storey All tables are also available in electronic form at the CDS via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsweb.u-strasbg.fr/Abstract.html derived from the spin-orbit interaction and quantum electrodynamic effects such as the Lamb shift. For example, the 2s 2 S 1/2 and 2p 2 P 1/2 states of H i are separated by 0.0353 cm −1 due to QED effects, while the 2p 2 P 1/2 and 2p 2 P 3/2 states are separated by 0.3659 cm −1 due to the spin-orbit interaction.
Unless the line components are resolved, their effect is to broaden the spectral lines and to produce small shifts in the effective position of the line centre, depending on the distribution of intensities between the components. As we show below, the range covered by the line components is 9.1 km s −1 for hydrogen and 36.6 km s −1 for helium lines. In an atom of mass m at temperature T e , the full line width (F W HM) of a single component in velocity units due to thermal broadening is (8kT e ln 2/m) 1/2 . For H i and He ii, this width has the values of 21.4 and 10.7 km s −1 at 10 4 K, and 6.8 and 3.4 km s −1 at 10 3 K, respectively. Hence the fine-structure broadening can affect line widths of hydrogen and especially helium recombination lines in cool (T e ∼ 10 3 K) plasmas. Although many planetary nebulae are somewhat warmer, with T e ∼ 10 4 K, H ii regions often have T e ∼ 5000 K and some old novae have electron temperatures as low as 500 K (e.g., DQ Her, Williams et al. 1978) .
Because of the combined effects of thermal, turbulent and expansion broadening, we do not expect these components to be completely resolved in observations of ionized plasmas in space. However, they are resolved in laboratory experiments using laser techniques (e.g., Hänsch et al. 1975) .
We give several examples of the significance of these splittings. Dyson & Meaburn (1971) showed that the finestructure of the Hα line profile makes a significant difference to derived electron temperatures in nebulae when these are obtained from the ratio of observed widths of the [N ii]6584Å and Hα lines. In a typical example, the temperature derived for the Orion region changed from 6200 to 7350 K, which would alter the derived O/H ratio (from [O ii]3727Å) by a factor 2.6. In the present paper we update the Hα -[N ii] correction scheme.
A second application is provided by supernova 1987A. Cumming & Meikle (1993) detected a remarkable shortlived narrow component in Hα and Hβ emission from the circumstellar medium of the supernova. In some spatial positions the narrow component's F W HM was as low as 5.3 ± 1.3 km s −1 , which after allowance for the Hα finestructure suggests emission from extremely cool recombining gas. In fact, the formal best fit at some positions was narrower than the spread of the fine-structure components. Of several models discussed, one involved illumination of a circumstellar H i cloud by the H Lyβ emission line (absorption of Lyβ would only populate the 3p level, and thus the number of components making up the Hα line would be reduced).
Other studies have revealed narrow emission lines from ionized regions. Onello & Phillips (1993) observed emission components with F W HM as low as 3.6 km s −1 in the H 168α recombination line towards galactic sources; such components if seen in the Balmer lines would be affected by the fine-structure we discuss here. Gallagher & Hunter (1983) studied widths of the Hα line in extragalactic H ii regions. Observed widths were corrected for instrumental and thermal broadening, and the "excess widths" due to the bulk gas velocity dispersion were as small as 1.6−13.0 km s −1 (F W HM) for some positions in NGC 4214. Correction for fine-structure broadening would reduce these excesses still further.
Lastly, we show below that the He ii line at 1640Å has seven components spanning a range of 36.6 km s −1 (with the two strongest components 26 km s −1 apart). Laming & Feldman (1993) analysed SKYLAB spectra of a Solar Prominence which partially resolved the 7 components, and were able to derive information on the process populating the He ii n = 3 levels in the hot plasma.
Calculations of the recombination spectra of hydrogenic ions in Case B of Baker & Menzel (1938) have been described by Hummer & Storey (1987) , Storey & Hummer (1988) and Storey & Hummer (1995) (hereafter HS, SH and SH95) . Their calculations take full account of all radiative and collisional processes, and they tabulated emissivities at a range of electron temperatures and densities for principal quantum numbers up to n = 50. Martin (1988) presented effective recombination coefficients for H i and He ii states as a function of n and , from which the relative intensities of fine-structure components can be derived, but only for the "zero density" case, in which all collisional processes are ignored. Effective recombination coefficients for hydrogen have also been calculated by Smits (1991) as a function of both electron temperature and density. His calculations extend the calculations of Hummer & Storey (1987) to low electron temperatures, 312.5 K ≤ T e ≤ 2500 K, using essentially the same methods. He does not, however, treat He ii, or give the -dependent information necessary to calculate the intensities of the fine-structure components.
In this paper we summarize the effects of the finestructure components and present new calculations of their relative intensities, as a function of electron temperature and density, and in Cases A and B. We also include synthetic spectra showing the components in velocity space, and tabulate the shifts of the line centres for different densities, temperatures and Cases.
Adopted energy levels and "reference" wavelengths
For H i and He ii energy levels we adopt the values given by Erickson (1977) . These are based on quantum electrodynamic calculations including the Lamb shift. This work makes a careful comparison between experimental and calculated energy-level differences, and demonstrates good agreement. In general the theoretical QED uncertainty is smaller than the experimental error.
For each transition of H i and He ii considered, we adopted a reference wavelength, λ ref , for use as a zeropoint in the presentation of the shifts of individual component lines in velocity space. These were computed from the Rydberg formula
where R ∞ =109737.3153 cm −1 is the Rydberg constant for infinite nuclear mass (Ferguson 1986) , and µ is the reduced mass of the electron-nucleus system in electron masses. 
where α is the fine-structure constant and terms in higher powers of (Zα) have been neglected. This equation describes the relativistic energy shifts of the hydrogenic levels (the mass correction and the Darwin term) as well as the fine-structure due to the spin-orbit interaction. The Lamb shift is not included but can be neglected for the argument made here. For a given n, (j + 1 2 ) runs from one to n, so that the bracket in Eq. (2) is always positive. Thus the levels n j always lie energetically lower than the corresponding non-relativistic energies given from the Rydberg formula. In addition, the energy shift ∆ nj falls rapidly as n increases. As a consequence, the fine-structure components in any transition n u → n l will generally be displaced to wavelengths shorter than λ 0 as given by Eq. (1), and the corresponding velocity shifts will usually be negative.
We ignore hyperfine structure in this work. Its effect is to double the energy levels of 1 H and 3 He, which have finite nuclear spin. The typical splitting is only 0.001 cm −1 , which corresponds to a velocity splitting of 0.02 km s −1 for optical and UV lines, and is thus neglected. 
Calculation of level populations and emissivities

Calculation of b n
As in earlier calculations (HS and SH), we work in terms of the departure coefficients, b n , defined in terms of the Saha-Boltzmann populations at electron temperature T e by
where N e and N + are the number densities of electrons and recombining ions respectively, x n = E n /kT e , and E n is the ionization energy of the state with quantum numbers n, . The statistical weights of this state and of the ion ground state are ω n and ω + . A two stage process is used to compute the values of b n . In the first stage, it is assumed that for a given n the states n are populated in proportion to their statistical weight, so that b n = b n for all . This calculation is complete in the sense that a matrix condensation method is used to reduce the infinite set of algebraic equations determining the b n to a finite set. All spontaneous radiative processes and electron induced collisional processes are included. The approximations used for these rates were given in HS.
In the second stage, the equations that determine b n are solved by an iterative procedure. Above some limiting principal quantum number (n = n c ), we assume that b n = b n and the values calculated in the first stage are used. For n ≤ n c , the values of b n are determined explicitly including the effects of -changing collisions. The effect of collisions with electrons, protons and ionized helium atoms are included. For the calculation of the hydrogen spectrum, we assume that helium is singly ionized, whereas for the He ii spectrum, we assume helium is doubly ionized. The helium abundance is taken to be 10% of that of hydrogen. An iterative solution for the b n is carried out, starting at n = n c and ending at n = 2 with a maximum of twenty iterations being carried out. Above n = 50, the values of b n are interpolated as a function of n. This interpolation scheme and the approximations used for the required -dependent rate coefficients are described in HS.
Calculation of emissivities for fine-structure components
The calculation of b n described in Sect. 2.1 allows us to determine the emissivity in the hydrogenic transition n u u → n l l ;
where A is a radiative transition probability and hν ul is the transition energy. The emissivity of a fine-structure component of this transition is
In LS-coupling, the transition probabilities in Eqs. (4) and (5) are related by
where { } is a 6-j symbol as defined for example by Brink & Satchler (1968) . In this expression we have assumed that the fine-structure energy shifts are negligible compared to the transition energies. We further assume that b n j = b n , with the values of b n being calculated as described above. This is equivalent to the assumption that the j-levels associated with a particular n are populated according to their statistical weights (2j + 1).
Techniques for the rapid calculation of the values of A(n u u → n l l ) have been described by Storey & Hummer (1991) .
Results
We have computed recombination coefficients in Case A and Case B for Hα (n = 3 → 2), Hβ (n = 4 → 2), Hγ (n = 5 → 2); and He ii 4686Å (n = 4 → 3), 3203Å (n = 5 → 3), 1640Å (n = 3 → 2) and 1215Å (n = 4 → 2). These were selected either as strong optical lines that are commonly used for velocity measurements, or as strong ultraviolet lines which can be resolved by the Hubble Space Telescope. For hydrogen, the selected ranges of electron density and temperature are 10 2 − 10 9 cm −3 and 300 − 30 000 K. For He ii these ranges are 10 4 − 10 9 cm −3 , and 1000 − 30 000 K. The temperature range spans that seen in photo-ionized nebulae, from novae (T e down to 300 K) to the hottest planetary nebulae (T e ∼ 25 000 K). Table 2a . Fine structure components for n → 2 transitions Index Transition Table 2b . Fine structure components for n → 3 transitions Index Transition
The density values range from a typical H ii region value of 100 cm −3 to a value typical of the ionized gas around symbiotic stars.
In Table 2 we define an index for each line component. For transitions from n → 2 there are seven components, and for n → 3 there are thirteen. The states involved in the transition are described by their values of and j.
The indices defined in Tables 2a and 2b are used to identify the line components in our principal set of results. These are listed in Tables 3a-g Tables 3a and 4a . For each line, the reference wavelength (defined in Sect. 2) defines zero velocity for the line components. The shift in wavelength (∆λ) and in velocity (∆v) is listed for each component. Normalized intensities (which sum to unity over the vertical columns of Tables 3 and 4) are listed for the adopted ranges of electron temperature and density for H i and He ii.
It must be emphasized that the reference wavelength does not represent any mean wavelength for the line in question, but is simply a reference point to anchor our chosen scale of velocity shifts. Most of the shifts are negative for the reasons given in Sect. 2.
Tables 5a-d show our computed emissivities for n u → n l transitions, in units of erg cm 3 s −1 , for the full range of electron densities and temperatures considered. From these, the absolute emissivity of any component listed in Tables 3 and 4 can be computed: the normalized intensities listed there should be multiplied by the total emissivity from Table 5 . Where comparison can be made, our emissivities for H i and H ii, extrapolated to zero electron density, are in good agreement with those of Martin (1988) . Differences are always less than two percent.
The highest temperature for which results are given for H i is 30 000 K. At this temperature, and with the hydrogen ionization fractions typical of gaseous nebulae, there will be significant collisional excitation from the ground state to the low-lying states of interest in this work. The values given in the tables for 30 000 K were calculated assuming that there is no such collisional excitation, and should therefore only be used if a) it is known that the fraction of neutral hydrogen is very low (see HS for the permitted range of values), or b) it is required to interpolate the tables to some intermediate temperature.
Collisional excitation from the ground state is negligible at the next-lowest tabulated temperature (10 000 K).
Applications and discussion
Appearance of the H and He lines
Figures 1a-c show the components and their predicted intensities for the three selected lines Hα, Hβ and Hγ. In the figures, the vertical bars have a length proportional to the relative intensity of the component for the Case B, T e = 5000 K and N e = 10 4 cm −3 . The smooth curves represent a convolution of these intensities with the thermal velocity expected in a 5000 K plasma for H (F W HM = 15.1 km s −1 ). They are however arbitrarily normalized, for presentation purposes. The H i Balmer lines each have seven components, with the total velocity range shrinking from 9.1 to 5.0 km s −1 between Hα and Hγ. For Hα, the convolved profile is double-peaked if the total broadening velocity is not more than 5 km s −1 ; it is single but noticeably non-Gaussian for 7 km s −1 , and is difficult to distinguish from Gaussian for a total velocity over 11 km s −1 . Figures 2a-d show the components and their predicted intensities for the four selected lines of He for the Case B, T e = 10 000 K and N e = 10 4 cm −3 . A convolution of these intensities was calculated for a 10 000 K plasma (F W HM = 10.7 km s −1 ). At a given plasma temperature, the component spread is four times greater and the thermal velocity is two times smaller. He ii 4686Å is mainly broadened by the effect of two strong components situated 6.42 km s −1 apart. As can be seen from Fig. 2a , the weak components in the blue part of the line profile should not be interpreted as a blue-shifted emission line gas moving at −25 km s −1 ! The effect on the n = 5 → 3 line at 3203Å is quite similar (Fig. 2b) .
However, there are larger effects on the 3 → 2 and 4 → 2 lines in the ultraviolet (Figs. 2c,d) . The 1640Å and 1215Å lines are clearly doubled when the only broadening is thermal, with peak-to-peak splittings of about 25 and 20 km s −1 respectively. He ii widths may be used to measure the velocity gradients within expanding planetary nebulae. The expansion velocity in the outer regions may be measured from
lines, and in the inner zones from He ii lines such as 1640 or 4686Å. Correction of the He ii line widths for fine-structure will tend to steepen the derived gradient of expansion velocity with radius.
Line shifts
Accurate line centre positions are required both for precision radial velocity measurements and also for accurate calibration of Fabry-Perot high-resolution interferometers (Treffers 1981) .
We have thus computed the "centres of gravity" of the emission lines we considered. These are calculated simply as the mean position of all the line components, each weighted by its relative intensity for the Case and physical conditions considered. This will correspond to the measured position of an emission line when it is completely unresolved. The mean wavelengths of the lines are given in Tables 6a-d ; the tables show the decimal part of the mean wavelength inÅ, with the integer part presented separately in the first column of the Table. Wavelengths are in air for λ > 2000Å and in vacuum otherwise.
There are shifts in the line centres which are relevant for high-precision measurement of radial velocities or velocity fields. For a given Case (A or B) the maximum line centre shift with varying N e or T e is 0.6 km s −1 for hydrogen (Hα, Case B) and 1.3 km s −1 for helium (λ1640Å, Case B). The largest shifts of one line between Case A and Case B are 0.9 km s −1 for H (Hα) and 3.3 km s −1 for He ii (λ1640Å).
Our computed shift between Cases A and B for Hα (0.9 km s −1 ) is smaller than the value of 2.5 km s −1 reported by Dyson & Meaburn (1971) . The relative intensities given in Table 3a do not differ significantly from the values given by Dyson & Meaburn (1971) (for T e = 10 000 K). Another possible source of the disagreement could be the data used for the energy levels. We use the results from Erickson (1977) with the Lamb shift included while Dyson & Meaburn (1971) use relativistic theory but excluding the Lamb shift. The differences in level energies are not, however, sufficient to explain the discrepancy, indicating that the value of 2.5 km s −1 given by Dyson & Meaburn (1971) is in error.
The H α-[N ii] method for deriving electron temperature
Because the thermal F W HM of an emission line varies with temperature and ionic mass as T 1/2 e m −1/2 , the electron temperature T e can in principle be derived from the different observed widths of different ionic lines (Wilson et al. 1959) . Observationally the easiest line pair to work with (Courtes et al. 1968 ) is Hα and [N ii]6584Å, which are only separated by 21Å. The basic assumption is that the emissivity of the two lines samples the velocity field (mainly, expansion and turbulence) in identical ways. While this may be true for some H ii regions, it is frequently untrue for planetary nebulae, where N + ions are often only located at the outer edge. Meaburn (1970) showed that the fine structure of Hα would affect the resulting derived electron temperature, and Dyson & Meaburn (1971) gave correction factors to be used for the Hα widths. Since our results are significantly different, we give in Table 7 new correction factors. We make the above assumption and further assume that there are expansion and turbulent fields which contribute in quadrature to the total F W HM of observed line profiles. Then the F W HM of Hα and [N ii] are, in velocity units, 
F (N ii) 2 = 8 ln2 (kT e /m N ) + v 
where δ is defined as that width which adds in quadrature to broaden the Hα line to allow for the fine-structure, v e and v t are the F W HM of expansion and turbulent velocity fields, and m H and m N are the masses of the hydrogen and nitrogen atoms respectively. From Eqs. (7)- (8), the solution for the electron temperature is
The reason that a single value of δ cannot be given in Table 7 is that the presence of seven unequal components within the line produces a complex effect on the final F W HM. We have computed δ by convolving our computed Hα component intensities with a Gaussian profile corresponding to a total velocity v broad which represents the combined effect of all broadening processes other than the fine-structure (thermal, instrumental, expansion and turbulent). We determine the F W HM of the resultant profile empirically by searching the profile for the points at half peak intensity. The quantity δ is then obtained by subtracting v broad from the F W HM of the profile in quadrature and is thus the effective additional velocity width of the profile due to the fine-structure. The results are given in Table 7 . It can be seen that δ is a very slowly-varying function of the total broadening velocity, and so interpolation in the table should be quite accurate.
